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THE ROLE OF TRIPLE COLLISIONS IN EXCITATION OF
MOLECULAR VIBRATIONS IN NITROUS OXIDE

By Richerd A. Welker, Thomes D. Rossing,
and Sam ILegvold .

SUMMARY

The baslc problem in the research described in this report has been
concerned with a determination of the ilmportance of triple collisions in
the thermel relsxation process (hest cepaclty lag) of gaseous mixtures.
The experimental program involved the measurement at ultrasonic frequen-
cles of the veloclty of sound In mixbures of the basic dlsperslve gas
nitrous oxilde NoO and impurity gasees nitrogen Na, helium He, and

argon A. Wide ranges of pressures and concentrations for the gas mix-
tures were required in the experiments to ascertain the possible effects
of triple collisioma.

Resulte of the experiments have shown that the thermal relsxation
times of the gas mixtures studied can be very well explained on the
basls of blnary collisioms alone and that trlple collisions do not play
a discernible part in the excitation of molecular vibratlons.

The rudiments of the theory of soumnd dispersion end relaxation
phenomens, are presented slong with an analyeis of +the msnner in which
the effects of triple collislons might be determined.

INTRODUCTION

In the ultrasonic region, the veloclty of sound 1s not constent
with respect to £requency. The accepted explanstlion 1s that the excita-
tlon and deexcltation of molecular vibretions fall to follow very rapld
acoustic cycles. Hence at high frequencies the vibrationel specific
heat of a gas lags, and the lowered heet cepaclty of the gas gives rise
to a higher sonic velocity. For similar reasons, & high anomalous
absorption occurs in the same frequency renge.

It 18 & well-known experimentel fact that the presence of certain
impure molecules, even in very small proportions, greetly reduces the
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"relaxstion time" of the vibrational energy (i.e., the time necessary
for the deperture from thermal equilibrium to be reduced to 1/e of its
initisl velue). A satisfactory explanation of this "trace cabalyst"
phenomenon has not been glven. The phenomenon 1s described more fully
in 8 previous paper (ref. 1).

Very little experimental work has been done using high concentra-
tions of added gases. Walker (ref. 2) has observed that some previous
data could be explained nicely by attaching a reletlvely lerge importance
to the effect of triple collisioms.

In the studies reported in this peper, varying concentrations of
helium He, argon A, and nitrogen N, heve been added to nltrous

oxide N0, and e comparison has been made between the roles played by
double and triple collisions in the excltatlion of vibraetional energy.

This work wes conducted at Iowe State College under the sponsorship
end with the financilal assistance of the Netional Advisory Committee for
Aerongutics.

SYMBOLS

e,b Van der Waals' gas constents

c molecular steric factor

Co moler heat cepaclty at constant volume below dispersive
region

Cp molar heat capaclty at constent pressure below dispersive
region

Co moler heet capaclty at comstant volume above dispersive
region :

Crot molear heet cepaclty at constant volume Que to rotational
energy of molecules

c'brans moler heat capacity et constant volume due to trenslational
energy of molecules :

Cyib molar hest capaclty at comstant volume due to vibrational
energy of molecules

Cu molar heat cepacity at constant volume at angulsr fre-

quency o I1n dispersive region
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%ol

Urelax

acoustic frequency

acoustic frequency at which inflection point of velocity
dispersion curve lies

Planck's constant

coefficlent of thermal conductivity
Boltzmann's constent

molecular welght

reduced mess of two colliding molecules
Avogedro's number

pressure

universal gas constant

reel part of a camplex number

range of Intermoleculsr forces
ebsolute temperature

phase veloclty of sound

complex veloclty of sound

velocity of sound for an 1desl gas

sonlc veloclty at frequencles below dispersive region
veloclty of sound for a Van der Waels ges

sonic veloclty at frequencies above dispersive region
molar volume

intensity ebsorption coefficlent, per centimeter
classlcel absorption coefflicient, per. centimeter

absorption coefficlent, per centimeter, due to thermal
relaxation

ratio of Cp to Co



L NACA TN 3210

M coefficlent of viscoslity
e vibrational relaxstion time of pure gas
(] vibrational relaxastion time of gas mixture

BAA’ SABJ «e. vibrational relsxation times due to one type of collision
only; explained In text of peper

A acoustic wave length

B = o1 + Bpelax

Hel intensity ebsorption coefficlent, per wave length, due to
viscosity and heat conduction

Hmax maximm value of Hpajgy

Mrelax intensity ebsorptlion coefficient, per wave length, due to
vibrationsl relaxation

v frequency of molecular vibratiom

£ velocity correction due to absorption

o) mass density

frectional particle concentrdtion of B gas in mixture
w angular frequency of sound, 2xf

{nf angular frequency at which inflection point of velocity
dispersion curve lies

Wnax angular frequency at which ., occurs

BRIEF THEORY OF SONIC DISPERSION

Richards (ref. 3) derives & useful formuls for the velocity of
sound. Neglecting the effect of finlite amplitudes on velocity (which,
at ordinary acoustic levels, produce changes of lese than 0.001L percent),

o eREE

apT
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For an 1deal ges this leads to the familiar expression:

2 _RT R
V. =221+ 2| =22 2

ldeal "'y ( Co) P )
However, even at atmospheric pressure, velocities in most gases deviete
from the above value by sbout %percent because of nonideal behavior.
A well-accepted equation of state is one due to Ven der Waals:

Pers- 5 (3)

where & &end b are usually determined experimentally for each ges.
Substitution of this equation into equation (l), neglecting terms in

p2 y ylelds:

2_“*9("‘%),,3_@_ ()

V. =
VDW M- bp CoM - 2bp

The above relations assume no absorption of sound in the trans-
mitting medium. When sound is propagated through an absorbing medium,
the velocity of propagation 1s affected. Richards (ref. 3) derives the
equation which describes this effect:

) (2:.32\!2
R.P.(Vca) - 1———2;2- V2 = EV2 (5)

in which V denotes the reael observed phaese velocity end the real pert
of the quantlty Vc2 glves the square of the veloclty calculated for
the medium; o 1s the Intensity ebsorption coefficient per centimeter.

In generel, absorptlon 1s due to both classical effects and thermal
relexation; that 1s:

@ = Ggl + %relax (6)
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where oo 15 the classical absorption per centimeter observed by
Stokes and Kirchoff:

2x2p2 y -1 )
= -7 - K) = gaiA (1)
Cel pV—5<; n o Hel

wvhere K is the coefficlent of thermal comductivity. Richards (ref. 3)
develops a formula for absorption per wave length due to relaxation
effects:

%relax R(Co - Cco)

= T = Zyad (8)
relax A Co(Co + R) + a67C,(R + Ca)

the derivation of which wlll become clearer in a lebter section.

Since « 18 used only to calculate £, 1t is not necessary to
recelculate Wpelgx using a Van der Wasls ges. For one of the most

ebsorbing gases known, carbon disulfide, R.P.(Vca) differs from the
real phase velocity by ebout 0.17 percent.

The foregoing theory of "clessicel" sound propegation in ideal and
real geses hes assumed a constant velocity at all frequenciles (except
as o depends upon frequency). That such 1s not true at all frequen-
cles has already been established qualitatively.

In ordinary gases at temperatures below 2,000° C (so that molecular
dissociation and electronic exciltetion effects are negligible), the
specific beat of a gas at constant volume 1ls given by:

Co = Ctrans + Crot + Cvidp : (9)

At high sonic frequencles, as bas been pointed out, excltation of vibra-
tional energy does not follow the repid adiebatic acoustic cycle, and
Cyqp Grops out. If the specific heat at frequencles above the disper-

sive region is denoted by C, aud that below this region by C,, one
may write: ’ ' ’ o | T

Co = Ctrans + Crot (10)

Co = Cw + Cyip (11)
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For intermediate frequencies, again a formula 1s borrowed from
Richards (ref. 3):

Caoy = Coo + io-l-_i:ﬂ (12)

in which 6 is the vibrational relexation time of the gas (see
"Introduction”).

If these values are substituted into equations (2) and (5), one
obtelins for an ideal gas:

v.2 - %(1 + E:R‘) (13)
2 _RT R
Vo = M(l + Co) (1%)
22
2 ~ Rr CO + @ 6 Cqy
8Videa1 M<l +R 02+ PP 2 m%%f) (15)

Correspondingly, for a Van der Weals gas:

N
2 R+ p(b - &) , BT Co+dPelcy (26)

EVyDw =
VoW TR W - 2op 2 + oP020,2

Thermel relaxetion is usually effective over a range of more than
6 octaves and exists in a different reglon for each gas or gas mixture,
meking experimental techniques of measurement quite dlfficult. The
angulaer frequency at which the inflectlion point of the wvelocity curve
occurs 1ig gilven by:

®ine = Co[6C (x7)
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and the frequency of maximm gbsorption by:

=S¥ (28)
0C.Veo o

Bince V, and V., differ only by a few percent, the two frequencies

are qulte close for most gases. Typical plots of v2 and u as func-
tions of @ &are shown in figure 1. )

Fortunately, V,, V,, and p;.. do not depend upon the relaxation

time ©. Changes in gas compositlion, which are small enough to leave M
appreclebly unchanged, do not therefore chenge the shape of the disper-
sion curve but merely dilsplece the curve along the frequency axis. Thus
fewer measurements are necessary to esta.'b]_'l.sh the dispersive curve for

a glven gas or mixture.

A discussion of colllsion retes and the theoretlcal basls of relax-
ation tlmes involves some rather lengthy theory and will be omitted from
this report. Welker's doctorel thesis (ref. 4) conteins an outline of
the work which has been done on this problem. Expressions for the pres-
sure and temperature dependence of relaxation times and therefore the
sonlc frequency result from such theory.

It ie through the dependence of the collislon rate on pressure
thet the pressure dependence of the relaxation time 6 1is introduced.
It can be shown thet, if vibrational excitation 1s solely the result of
double collisione, 6 should be inversely proportional to the pressure
and therefore ay., &and aynp, proportional to pressure. If, on the
other hand, triple collisions are primarily responsible s a8 Welker
(ref. 2) has suggested, the dependence of the above quantities should
be dependent upon the square of the pressure.

The importance of studles to determine the roles of varlous types
of collision is brought out by the above dlscussion. Graphs such as

figure 1 might easily be drawn with loge w/p or loge w/D> respec-
tively, as gbsclssa, depending upon whether double or triple collisions
are more importent. The graph could then be drawn with greater accuracy
because the pressure can be varied continuocusly, whereas the frequency
varigtion is limited by the number of different crystels avallable.
First, however, the relative lmportance of the two collision types must
be determined. In an ideal gas V, end V, would be independent of

pressure; in a real gas they are not quite independent because of inter-
action forces. Thus V, &and V, bhave a relatively smell dependence on

pressure.



2E

NACA TN 3210 9

The dependence of sonic veloclty on temperature is a 1ittle more
complex since V., V,, and © are all functions of T. The dependence

of 8 on T 1s given by:

- 1
B % 2 (8_1!;)1/205(5[.)(3-6('1')(1 ] e-hv/kT) (19)

m

in which g, also temperature dependent, is given by:
2/3,, \1/3
o(T) = z(ﬁ) (22) (20)

S TDeing the range of intermoleculer forces and

b = (u_:fm:)lk (a1)

In equation (19), C represents the so-called "steric factor" and m,
the reduced mass of two colliding molecules.

The velocity, as shown in equations (15) end (16), depends explic-

1tly on T/2, end, in sddition, Cyyp 1s en involved function of T.

The reletlve lmportence of these three effects 1n determining the
temperature dependence of V +varles with different gases. Figures 2
and 3 show typlical calculsted curves for N5O.

In a mixture made up of ¢ parts of gae B end 1 - ¢ parts of
gas A, 1t can be shown that

1.1-9,0-9°, ¢ ,00-0, ¢ (22)
]

represents the observed rela.;:ation time In terms of the relaxation times
due to various types of collisions. In the ebove eqguation:
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relaxation time obsexrved —

@]

eAA relaxation time due to collisions between two A molecules

2] AAA relaxatlon time due to collislions between three A molecules

2] AB relaxation time due to collisions between one A and one B
molecule

TN relaxstion time due to collisions between two A end one B
molecule

@ ABB relaxatlion time due to0 collisions between one A and two B
molecules

Most investigators have assumed that triple collislions are not
relatively important and write equation (22) thus:

t-t-92,. 9 (23)
8 0p1  Oap

Bucken and Aybar (ref. 5) modified the equation to fit their data in
mixtures of carbonyl sulfide and nitrogen and of carbonyl sulfide and
argon:

2
1_(0-9)  ol-9) (2k)
e CTYN 8ap
and glve a theoretical argument in favor of thelr equation. Welker
(ref. 2) pointed out that their dete would also £it an equation derived

from equation (22) by neglecting the effects of AAA, AB, and ABB
colllsions:

1_1-9,91-9) (25)
O 8 AAB

Previous to the Iowa State Investigation, the limited data of Eucken
and Aybar were the only date on mixtures with relatively large B gas
concentrations, and definite conclusions could not be drawn.
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DESCRIPTION OF APPARATUS

The Interferometer used 1is patterned after one described by Telfalr
and Pielemeier (ref. 6) with a number of modifications. The interfer-
ometer 1s designed to work at pressures from O to 3 atmospheres and from
room tempersture to 450° C. The chamber and most of the ges-handling
equlpment are constructed of corrosion-resistant stalnless steel.

Seven X-cut quartz crystals cover a frequency range of 200 to
1,500 kilocycles in steps of approximately 1/2 octave. All the crystals
used have been 5 centlimeters in dlameter, since 1t has been found that
annoying diffraction effects cen be noticed if the transducer diameter
is of the order of the wave length (which is usuelly less than 1 milli-
meter). Crystal nolse was found to be minimized by clamping the crystels
with three screws In thelr nodal planes. Contact was made with the
cerystal by palnting a conductive coating from two of these screws to
opposite faces of the crystal.

The interferometer and assoclated equipment sre shown in figure k.
On the left are gas cylinders and pressure gages. On the table top are
e desiccating chamber and systems of Kerotest disphragm valves to con-
trol the flow of gases. A vecuum pump, capable of evacuating the entire
system to 0.1 micron, i1s mounted under the teble top. The Interferometer
is at the right of the table. A removeble oven has been lowered, in the
figure, to show the test chamber.

The studies 1n this paper were performed slightly above room temper-
ature snd the oven was replaced by a thermostaeticelly controlled water
bath heeted by en infrared lemp.

The gas-hsndling system 1s shown in figure 5. Gases whose moisture
content 1s objectlionable can be stored under pressure in contact with
phosphorus pentoxlde P205 In the drying chamber. A ligquid-nitrogen cold

trap 1s used to remove noncondenssble gases such as nitrogen end argon.

Figure 6 shows the details of the chamber. The acoustic reflector
is an optically flat stainless steel disk mounted on the end of an Invar
rod. To melntaln perallellsm between the reflector and crystal surface,
the Invar rod has been preclsion ground end moves through a bearlng with
0.0001-inch clearance. A Gaertner micrometer slide wlth a least count
of 0.00L millimeter is used to drive the rod and reflector in a vertical
directlon end can be seen &t the top of the interferometer. A special
adjustable mounting plus a counterwelght minimize strains in the microm-
eter and rod.



12 NACA TN 3210

To achieve the deslred precision, 1t 1s necessary to set the reflec-
tor and crystal face very nearly parsllel. This can be done by adjusting
three micrometer screws on the crystel mounting table. Optlcally f£labt
crystels have been tried; but, because of difflculties encountered due
to the poor adherence of crystal plating on such polished surfaces,
etched crystals have repleced them at all but the highest frequencies.

The crystal osclllator used 1s a varlation of a circult due to
Boella (ref. 7), and it is described by Rossing (ref. 8). Precision
parts are used throughout, and, to reduce noilse levels further, battery
power 18 used. In order to detect changes in the acoustic field as the
reflector 1s dilsplaced, a sensitive microammeter i1s placed in the plate
supply of the oscillator stage and bypassed with a constant current.
Thus 1t 1s possible to detect changes in the plate current of 1 part In
10,000, thermal noise being sbout thls maegnitude.

Frequency 1s meesured by beating the output of the crystael (or one
of its harmonics) ageinst the carrier of a commerciel broadcast station.
By comparing the beat note produced with the output of an auvdio oscil-
lator, an accuracy of 1 part in 20,000 is achleved.

Pressures from 0.5 millimeter of mercury to 3 atmospheres cen be
measured with a two-meter U-tube manometer. Pressures of 0.1 micron
to 250 microns (0.0001 to 0.25 millimeter) of mercury are read on &
Mcleod vacuum gage.

Temperature measurements have been made with a good quallty mercury
thermometer. Provisions have been mede to use a platinum resistance
thermometer in the chamber, but this has not yet been found necessary.
Tempersture control et elevated temperatures is effected by a Brown-
Honeywell automatlic regulator. For room tempersture meassurements a
mercury thermostat, used with an infrared heating bulb and e Cenco
gtlrrer, keeps the water-beth temperature constant to within +0.1° C.

The gases used in the experiment, except hellum, were supplied by
Metheson Co., Inc., and were of the highest purlty available. The
helium used was Buresu of Mines Grade A gas. The nitrous oxlide used was
purified by freezing with liquid oxygen end pumping off nitrogen, the
principal impurlty.

EXPERTMENTAT, PROCEDURE AND RESULTS

Percentage concentratlons were determined by reading the partial
pressure of each gas and the total pressure of the mixture. The assump-
tion was mede that the partisl pressures were edditive (which is a good
approximation even for a Van der Waals gas). Gases were allowed to mix
for about 24 hours before measurements were taken.
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When measurements were made near the frequency of maximm absorp-
tion, only 25 to 30 nodes could be measured. In other ceses as many as
TO were messurable. 8ince errors In frequency messurement are very
emall, veloclty measurements were as correct as the wave lengths meas-
ured, or to about 1 part in 10,000.

During the celibration of the interferometer with research-grade
ergon, & nondispersive gas of unusually high purlty, en anomaly was
epparent in the acoustlic f£ield. Measured veloclitles were found to differ
from the theoretical ones by 9 to 1T parts in 10,000, depending upon the
positlion in the cup at which measurements were mede. This anomaly was
later found to be due largely to errors in temperasture measurement,
although certain authors have pointed out that standing waves mey not
be exactly half weve lengths apart. Appropriate corrections were
applied to the measured veloclities to compensate for these erxrrors.

The second correctlon applied to the data was that due to absorp-
tlon which hes been already discussed. Values of pn were calculated
from equation (8) and used to calculate &, the correction factor for
ebsorption.

Measgurements of the veloclty were made with B molecule concentra-~
tlons of 10, 20, 30, and 50 percent edded to nitrous oxide, the basic
ges. The raw dete are shown In teble I. Since Vg, and V., the wveloc-

itles et very low end very high frequencles, are independent of the
relaxation time, it 1s convenient to draw a veloclty dispersion curve
from equation (16) using en epproximate velue of 6, the relaxation
time, and merely displace 1t along the axls of ebecissas to glve the
best £1t with the experimental data.

These curves, so drawn, will be different for each concentrstion
because of the dependence of the veloclty on the molecular welight end
Van der Wasls' constants a end b of the gas mixture. The latter
cen be determined falrly accurately £from relatlions given by Glasstone
(ref. 9, p. 298):

Vem = (1 - 9)\/ag + o/fep

by = (L - @) by + gby

where the subscripts m, A, end B refer to the mixture and the A end
B components, respectively. In plotting these curves £, the correction
for ebsorption, was set equel to unity. For the curves clted, an approx-

imate relsxstion time of 10'6 second was used.

(26)
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The veloclity meassurements at each frequency were corrected for the
effect of absorption and for the errors indicated by the argon calibra-
tion. After the theoretical dispersion curve was displaced along the
frequency axls to-glve the best fit with these corrected velocities,
the frequency at which the inflection point lay was determined from the
graph. Application of equation (17) then gave 8, the relaxation time.

Figure T shows & typlcal graphical determination of 6. The cor-
rected velocities, measured at frequencies of 300, 600, and 1,000 kilo-
cycles per second, are plotted as open circles and the real-gas curve
has been positioned to give the best fit with these measurements. An
ideal-gas dispersion curve for this mixbture haes been drawn and its
inflection point indiceted. Since the real-gas curve is slightly asym-
metricel, no inflection point can be determined. The inflectlon point
of the corresponding idesl-gas curve 1s, however, indicated by a cross
Just to the left of the real-gas curve.

Values of fi,p, graphlcally determined, are given in table IT

together with the values of © calculated from them. In light of small
errors lndicated by the argon calibration, the velues of 6 are probably
correct to about 3 to 5 percent.

Teble III shows the values of 6pp calculated from © using equa-

tions (23) and (24) (proposed by Bucken and Aybar) and also values of
Opap calculated from equation (25). If double collisioms only are

important, 6jp should be independent of percentage concentrations. If
excitetion 1s due to triple collisions only, 6pap should be constent
for given constituents. Also in pure N0, if double collisions are

solely responsible, relexation time should double as pressure is halved.
This 1s exactly what happens. From table III it is concluded that

AB collisions are principslly responsible for vibrational excitation in
NoO-Np and in Ny0-He mixtures. In NpoO-A mixtures it 1s very difficult

to evaluate the respective roles of AB and AAB collisions.

The vibrational relaxation time meesured in pure N.0,
0 =0.93 x 10'6 second, agrees very well with that reported by Eucken
and Jaacks (ref. 10), who measured 0.92 x 100 second. On the other

hend, Fricke (ref. 11) reports a velue of 1.kh x 10-6 second. Fricke's
measurements, however, were mede at & frequency well below the frequen-
cles of the present investigations.

Iowa State College,
Ames, Iowa, May 26, 1953.
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TANE I
HEASIEED AND CORRECTED GONIC VELOCTEIES

NACA TN 3210

v ¥ oorrected In terms
Gas Measured velocity, ' o plarp
¥, n/sec (n/sec) wm)!
Frequsnay, 300 kops
2 wtm K0 270.90 7.5 x 108 7.35 x 20*
1 atm N0 276.J1 1.612 7.998
1/2 ata ¥ 0 279.60 7.8e3 7.809
1/4 stz N0 261.00 T.906 T7.092
90.0% Nz0 snd 10.0% A 2719.91 T.82h Sr.800
60.0% E 0 and 20.0% A 283,90 8.0 8,033
T0.0K X0 and 30.0K A 268.08 .21 273
50.0% X0 and 50.0% A 297.01 a.aur 8.796
90.08 N0 and 10.08 My 282.09 T.947 7.9%9
80.05 X0 and 20,08 208.%0 8.309 8.295
70.0% X0 and 30.0% Ng 293.08 8.697 8.662
50.08 Y0 a0l 50.08 Ky 309.20 9.597 9.539
90.0% Ng0 and 10.0% Ea 287.73 8.268 8.25%
80.0% X0 s 20.0X He 203.T2 9.226 - 9.199
70.0% ¥z0 and 20.0% He 32k 2% 10.50k 10.456
20.0% ¥0 snd 50.0% Be 381.37 %528 14,502
Frequency, 600 keps
2 atm N0 27561 7.585 x 10* 7.563 x 10
1 atn X0 2719.52 7.807 7787
1/2 atm W0 28113 7.90L 7.86%
/s atm N0 281,69 7.9% T.907
90.0% Wz0 and 10.0% & abe.8 7.996 *1.913
80.0% K0 and 20.0% A a86.43 8.800 %8.180
70.0% X0 snd 30.0% A 290.13 8.m5 *8,595
30.0% B0 and 20.0% A 298.18 8.8689 *g.862
90.0% ¥z0 and 10.0% XKy 283.12 8.125 6.103
80.0% X0 axd 20.0% N 290.96 8.x62 8,443
70.0% B0 and %0.08 Xy 297.8L 8.831 s.611
50.0% ¥0 and 20.0% Ep TO.TR 9.653 9.63L
90,0% K0 sxd 10.0% Es 292.27 8.509 8.5
80.0% M0 snd 90.0% Be 207T.9% 9.468 g.hoL
70.0% 50 aud 350.0% e 327.86 .75 10.726
50.0% N0 aud 50.0% Be %83.77 . T27 1%.690
Traquancy, 1,000 kops
2 st HeO 278.11 7.788 x 10" 7.70% x 10%
1 atm X0 280.65 7.87h. T.801
1/2 ata N0 28145 T.920 7.899
1/% aim B0 8173 7.938 T.920
90.0% N0 and 10.0% A 263.63 8,083 %6.022
80.0% Ng0 and 20.0% & 207.05 8.238 %9.213
70.0% M;0 and %0.0% A 290.68 8.:48 8.406
50.0% N0 axd 90.0% & 298.50 8.909 g8.881
90.0% X0 end 10.08 ¥, 285.53 8.17e 8.153
80.0% K0 and £0.08 M, 291.72 8.508 8.486
70.0% N0 and 30.0% Hp 297.97 8.817 8.0
50.0% N0 and 50.0% N 31.29 9.689 9.66%
90.0% B0 md 10.0% Ba 29k.56 8,669 8.633
80.08 N0 end £0.0% Eo .12 9.667 9.6%0
70.0% N0 and 30.0% Ee 35..03 10,95k 10.986
50.0% N0 and 20.0% He 306.5% 1k.9%8 1k.913

Syor all srgen mixtures Y& also corrected for ahangs in molecular weight of argon caused by
nitrogen impurity. Effective H for argon, 39.896.
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TABLIE IT
FREQUENCIES AT WHICH INFLECTION POINTS OF DISFERSION
CURVES LIE AND THERMAL RELAXATTION TIMES

CALCULATED THEREFROM
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Ges Tinf, 8,
keps sec
2 atm N0 500 0.465 x 1076
1 atm N0 250 93 (=64)
1/2 atm N 0 124 1.87
1/4 atm N0 62 3.75
- 90.0% N0 and 10.0% A 223 1.02
80.0% N0 and 20.0% A 194 1.15
. 70.0% N0 and 30.0% A 169 1.29
50.0¢ N0 and 50.04 A 12k 1.65
90.0% N0 and 10.0% Ny 233 .96
80.0% N 0 and 20.0% Ny 217 1.00
70.0% No0 and 30.0¢4 No 199 1.06
50.0¢ NoO and 50.0% Np 173 1.13
90.0% No0 and 10.0% He 145 5L
80.0% N0 and 20.0% He 650 .3h2
70.0% NoO end 30.0% He 800 272
50.0% N0 and 50.0% He 1,1k0 .180
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TABLE ITI

COMPARISON OF 6pp AND 0p,n VALUES

RACA TN 3210

Gas TN T:) OAAB
mixture using using using
eq. (23), eq. {24), eq. (25),
gec gec gec
90.0% N0 and 10.0% A 1 x 107 0.8 x 107 1 x 1070
80.0% N0 end 20.0% A 2 .9 2
70.0% N0 and 30.0% A 1 9 .8
50.0% N,0 and 50.0% A .7 T .35
90.0% NoO end 10.0% Ny 1.k 5 1.3
80.0% N0 and 20.0% Ny 1.k 5 1.1
70.0% NoO end 30.0% Nj 1.67 .51 1.11
50.0% N0 and 50.0% Ny 1.45 R T3
90.0% N 0 and 10.0% He .101 .083 091
80.0% N0 and 20.0% He .097 .072 078
70.0% N0 and 30.0% He .102 067 .072
50.0¢ N0 and 50.0% He .099 .ObT .050
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